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We discuss quantum interference phenomena in a system consisting from a laser driven three-
level ladder-type emitter possessing orthogonal transition dipoles and embedded in a leaking optical
resonator. The cavity mean-photon number vanishes due to the destructive nature of the interfer-
ence phenomena. The effect occurs for some particular parameter regimes which were identified.
Furthermore, upper bare-state population inversion occurs as well.
PACS numbers: 42.25.Hz, 42.50.Ct, 42.50.Lc
I. INTRODUCTION
Quantum interference effects involving various atomic
transition amplitudes were intensively investigated re-
cently [1–3]. It originate from indistinguishability of
the corresponding transition pathways. As a conse-
quence, quenching of spontaneous emission occurs due
to quantum interference effects between decaying path-
ways which are dependent on mutual orientation of corre-
sponding transition dipoles [4]. Laser- or phase-control of
spontaneous emission processes were demonstrated there.
Also, quantum interference effects lead to very narrow
spectral lines in the spontaneous emission spectrum of
pumped molecular, semiconductor or highly charged ion
systems [5]. Furthermore, such spontaneously generated
coherences in a large ensemble of nuclei operating in the
x-ray regime and resonantly coupled to a common cav-
ity environment were experimentally demonstrated in [6].
Previously it was shown that multi-level atoms interact-
ing with the vacuum of a preselected cavity mode, in the
bad-cavity limit, exhibit cavity induced quantum inter-
ference which is similar to the spontaneously generated
coherences due to parallel transition dipoles [7]. Quan-
tum interference effects in an ensemble of 229Th nuclei
interacting with coherent light were demonstrated too,
in Ref. [8]. Destructive or constructive interference ef-
fects were observed even in a strongly pumped few-level
quantum- dot sample [9, 10]. Protection of bipartite en-
tanglement [11] or continuous variable entanglement [12]
via quantum interferences were shown to occur as well.
Finally, electromagnetic induced transparency is an an-
other phenomenon of quantum destructive interference
which makes a resonant opaque medium highly transpar-
ent and dispersive within a narrow spectral band [13].
Based on this background, here, we study the quan-
tum dynamics of a three-level ladder-type atomic sys-
tem possessing orthogonal transition dipoles and embed-
ded in an optical leaking resonator. The atomic sam-
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ple is pumped coherently and resonantly with external
electromagnetic field sources. Despite of photon scat-
tering into surrounding electromagnetic modes including
the cavity one and resonant laser-atom driving, we iden-
tify regimes when the cavity mode is empty in the good-
cavity limit. We demonstrate that this occurs due to
destructive quantum interference effects among the in-
volved transition pathways. The effect is maximal when
the cavity mode frequency is in resonance with partic-
ular resonance fluorescence sidebands. This is distinct
from interference phenomena observed in [6] where the
experiment was performed in the bad-cavity limit and
different parameter regimes. Furthermore, most upper
bare-state population inversion is achieved as well in our
system although it is identified with coherent population
trapping effects rather than quantum interference phe-
nomena which lead to zero cavity mean-photon numbers.
The inversion can facilitate the generation of correlated
or entangled photon-pairs when one photon lies in an
optical range while another one is in a higher frequency
domain, i.e., EUV or X ray etc.
The article is organized as follows. In Section II we
describe the Hamiltonian, the adopted approximations
and the master equation describing our system. In Sec-
tion III we discuss and analyze the obtained results. The
Summary is given in Section IV.
II. THEORETICAL FRAMEWORK
We consider a laser driven three-level Σ−type atom
placed in a cavity of frequency ωc and leaking rate κ. We
denote via ω32 the transition frequency from the most ex-
cited level |3〉 to the intermediate level |2〉 whereas ω21
is the frequency of the transition from the state |2〉 to
the ground state |1〉. The atom’s decay rates via spon-
taneous emissions corresponding to each transition are
defined as γ32 and γ21, respectively. The atomic system
is coherently pumped, perpendicularly to the cavity axis,
by two different laser fields of frequencies ωL1 and ωL2
with Ω1 and Ω2 being the corresponding Rabi frequen-
cies on transitions |2〉 ↔ |1〉 and |3〉 ↔ |2〉 (see Fig. 1).
Correspondingly, the cavity-atom interaction constants
2FIG. 1: (color online) Schematic of the model. A three-level
atom, placed in a leaking optical cavity, interacts with exter-
nal coherent fields with Ω2,1 being the corresponding Rabi fre-
quencies. γ32 and γ21 are the respective spontaneous emission
decay rates. The full arrows depict the dressed-state transi-
tions in resonance with the cavity mode frequency leading to
cavity quantum interference phenomena.
are given by g1 and g2. The Hamiltonian describing the
whole system is:
H = ~ωca
†a+ ~
3∑
i=1
ωiSii + i~g1(a
†S12 − S21a)
+ i~g2(a
†S23 − S32a) + ~Ω1(S21e−iωL1t + S12eiωL1t)
+ ~Ω2(S32e
−iωL2t + S23e
iωL2t). (1)
Here Sij = |i〉〈j|, {i, j = 1, 2, 3}, are the atom opera-
tors, while {a†, a} are the cavity field creation and an-
nihilation operators and obey the commutation relations
[Sα,β , Sβ′,α′ ] = δβ,β′Sα,α′ − δα′,αSβ′,β and [a, a†] = 1, re-
spectively. The first two terms in Eq. (1) describe the
single mode free cavity field and the atom free Hamil-
tonians. The external laser fields and the cavity field
interact with both transitions of the atom and every in-
teraction is defined via separate terms corresponding to
each transition. Thus, the next two terms of the Hamil-
tonian represent the interaction of the quantized cavity
with the atom whereas the last two terms describe the
laser-atom semi-classical interaction.
The system’s quantum dynamics is given by the master
equation for the density operator ρ as:
∂ρ
∂t
= − i
~
[H, ρ] +
κ
2
L(a) + γ32
2
L(S23) + γ21
2
L(S12),
(2)
where, on the right-hand side of the equation, the first
term represents the coherent evolution based on the
system Hamiltonian H , while the other terms describe
the damping phenomena, i.e., the cavity field damping
and the spontaneous emissions processes, respectively.
The damping effects are expressed by the Liouville su-
peroperator L, which acts on a given operator O as:
L(O) = 2OρO† −O†Oρ− ρO†O.
In the usual interaction picture with ωL1 = ωL2 ≡ ωL
it is more convenient to apply the semi-classical dressed-
state transformation defined as:
|1〉 = − 1√
2
cos θ |−〉 − sin θ |0〉+ 1√
2
cos θ |+〉,
|2〉 = 1√
2
|−〉+ 1√
2
|+〉,
|3〉 = − 1√
2
sin θ |−〉+ cos θ |0〉+ 1√
2
sin θ |+〉, (3)
with θ = arccos (Ω1/Ω) and Ω =
√
Ω21 +Ω
2
2. Then, in
the dressed-state picture, the system’s dynamics is de-
scribed by the following dressed-state master equation:
∂ρ
∂t
= − i
~
[H, ρ] +
κ
2
L(a) + γ32 cos
2 θ
4
(L(R−0) + L(R+0))
+
γ32 sin
2 θ + γ21 cos
2 θ
8
(L(Rz) + L(R+−)
+ L(R−+)) + γ21 sin
2 θ
4
(L(R0−) + L(R0+)). (4)
Here, the secular approximation was performed in the
spontaneous emission terms by neglecting the time-
dependent rapidly oscillating terms - an approximation
valid as long as γ32(21)/Ω ≪ 1. The dressed-state
atomic operators Rij = |i〉〈j|, {i, j} ∈ {−, 0,+}, and
Rz = R++−R−−, obey the same commutation relations
as the old ones. The system Hamiltonian in the dressed-
state picture is expressed as:
H = ~δca
†a+ ~ΩRz + { i
2
(g1 cos θ + g2 sin θ)a
†Rz
+
i
2
(g1 cos θ − g2 sin θ)a†(R+− −R−+)
− i√
2
g1 sin θ a
†(R0− +R0+)
− i√
2
g2 cos θ a
†(R−0 +R+0)}+H.c.}, (5)
with δc = ωc − ωL.
As a next step, we perform a unitary transformation:
U(t) = exp{itH0/~} whereH0 = ~δca†a+~ΩRz to arrive
at the following transformed Hamiltonian:
H =
i
2
(g1 cos θ − g2 sin θ)a†eiδct(R+−e2iΩt −R−+e−2iΩt)
− i√
2
g1 sin θ a
†eiδct(R0−e
iΩt +R0+e
−iΩt)
− i√
2
g2 cos θ a
†eiδct(R−0e
−iΩt +R+0e
iΩt)
+
i
2
(g1 cos θ + g2 sin θ)a
†eiδctRz +H.c.. (6)
Analyzing the Hamiltonian one can conclude that the
atom’s resonance fluorescence spectra on each transition
is formed of sidebands centered at ωL ± Ω and ωL ± 2Ω
as well as a central peak around ωL. The dressed-state
3Hamiltonian significantly simplifies if one tunes the laser-
cavity detuning δc in resonance with one of the sidebands
frequency. In what follows, we shall consider such a sit-
uation when ωc = ωL + 2Ω, i.e. δc = 2Ω (notice that
similar results would be obtained for a cavity tuned to
the lowest energy sideband, i.e., when δc = −2Ω). In this
case, the dressed-state Hamiltonian is
H = ig(a†R−+ −R+−a), (7)
with g = 12 (g2 sin θ − g1 cos θ). This Hamiltonian ac-
curately describes the quantum dynamics within the
adopted approximations as long as g1,2/Ω≪ 1. Further-
more, the obtained Hamiltonian has a similar form to
the Hamiltonian of a two-level atom interacting with a
cavity with an effective coupling g. This effective cou-
pling originates from the quantum interference of the
two dressed-state transition amplitudes, see Fig. (1), con-
tributing to the atom pumping of the cavity mode. As
it will be shown later, it is possible to configure the two
Rabi frequencies in order to effectively decouple the atom
from the cavity, i.e., the effective coupling vanishes when
g1/g2 = Ω2/Ω1. Correspondingly, the cavity mode is
empty, although the pumped atom spontaneously scat-
ters photons. Notice that when δc = {0,±Ω} there are
no destructive quantum interference effects.
The master equation (4), with the Hamiltonian (7), is
solved by projecting into the system’s states basis [14].
The first projection in the atom’s dressed-state basis
leads to a set of five linearly coupled differential equations
defined by the variables: ρ(0) = ρ−− + ρ00 + ρ++, ρ
(1) =
ρ+++ρ−−, ρ
(2) = ρ++−ρ−−, ρ(3) = (a†ρ+−+ρ−+a)/2,
and ρ(4) = (ρ+−a
† + aρ−+)/2, where ρij = 〈i|ρ|j〉,
{i, j ∈ −, 0,+}, namely,
ρ˙(0) = −2g(ρ(4) − ρ(3)) + κ
2
L0(a),
ρ˙(1) = −2g(ρ(4) − ρ(3)) + κ
2
L1(a)− α
2
ρ(1) + γ32 cos
2 θρ(0),
ρ˙(2) = −2g(ρ(4) + ρ(3)) + κ
2
L2(a)− β
2
ρ(2),
ρ˙(3) =
g
4
(2a†(ρ(2) + ρ(1))a+ a†a(ρ(2) − ρ(1)) + (ρ(2) − ρ(1))
× a†a)− ζρ(3) + κ
2
(L3(a) + ρ(3) − 2ρ(4)),
ρ˙(4) =
g
4
(2a(ρ(2) − ρ(1))a† + aa†(ρ(2) + ρ(1)) + (ρ(2) + ρ(1))
× aa†)− ζρ(4) + κ
2
(L4(a)− ρ(4)). (8)
Here α = γ21 sin
2 θ+2γ32 cos
2 θ, β = γ21+ γ32 sin
2 θ and
ζ = (γ21(2+cos
2 θ)+3γ32 sin
2 θ)/4. The next projection
in the field’s basis leads to a set of infinite equations
corresponding to the infinite Fock states {|n〉, n ∈ N},
that is,
P˙ (0)n = −2g(P (4)n − P (3)n ) + κ(n+ 1)P (0)n+1 − κnP (0)n ,
P˙ (1)n = −2g(P (4)n − P (3)n ) + κ(n+ 1)P (1)n+1 − (κn+ α/2)P (1)n
+ γ32 cos
2 θP (0)n ,
P˙ (2)n = −2g(P (4)n + P (3)n ) + κ(n+ 1)P (2)n+1 − (κn+ β/2)P (2)n ,
P˙ (3)n = gn(P
(1)
n−1 − P (1)n + P (2)n−1 + P (2)n )/2− κP (4)n
+ κ(n+ 1)P
(3)
n+1 − (κ(n− 1/2) + ζ)P (3)n ,
P˙ (4)n = g(n+ 1)(P
(2)
n+1 + P
(2)
n − P (1)n+1 + P (1)n )/2
+ κ(n+ 1)P
(4)
n+1 − (κ(n+ 1/2) + ζ)P (4)n , (9)
where P
(i)
n = 〈n|ρ(i)|n〉. Interestingly, P (0)n are the di-
agonal elements of the field’s reduced density matrix,
i.e., it contains the trace over the atom’s dressed-states:
P
(0)
n = 〈n|Tratom[ρ]|n〉. Hence, it is possible to deduce
the cavity field’s mean photon number 〈n〉 by tracing over
the the field’s states:
〈n〉 = 〈a†a〉 =
∞∑
n=0
nP (0)n . (10)
Respectively, the second order photon-photon correlation
function g(2)(0) is given by:
g(2)(0) =
〈a†a†aa〉
〈n〉2 =
∑∞
n=0 n(n− 1)P (0)n
〈n〉2 . (11)
After some mathematical manipulations one finds:
〈R±±〉 =
∞∑
n=0
(P (1)n ± P (2)n )/2, (12)
with the condition 〈R++〉 + 〈R00〉 + 〈R−−〉 = 1. Using
also transformation (3), the population of the upper bare
state is given by:
〈S33〉 = cos2 θ + (1 − 3 cos2 θ)
∞∑
n=0
P (1)n /2. (13)
Finally, in order to solve the infinite system of Eqs. (9),
we truncate it at a certain maximum value n = Nmax of
considered Fock states. The photon distribution of the
field converges to zero for larger Nmax, and thus, Nmax
is selected such that a further increase of its value does
not modify the obtained results.
III. RESULTS AND DISCUSSION
The mean cavity photon number as well as their quan-
tum statistics are shown in Fig. (2). A dip in the pho-
ton number is clearly visible when g1/g2 = Ω2/Ω1. It
is due to quantum interference effects with a destructive
4FIG. 2: (color online) The quantum steady-state behaviors of
the cavity mean photon number 〈n〉 (solid curve) as well as of
the second-order photon-photon correlation function g(2)(0)
(dashed line) as a function of the ratio of the two Rabi fre-
quencies Ω2/Ω1. Here, γ32 = γ21 ≡ γ, g1/γ = 5.001, g2/γ = 5
and κ/γ = 10−3.
nature on the cavity field photons. The interference oc-
curs because both dressed-state transitions of the atom
are coupled to the cavity mode leading to indistinguish-
able photon emission (see also Fig. 1). A destructive
quantum interference phenomenon is observed when the
cavity is tuned to one of the external sidebands, i.e.,
ωc = ωL ± 2Ω. Respectively, the atom decouples from
the cavity field in this particular case. Thus, the zero
cavity photon detection in this scheme is directly related
to quantum interference phenomena. Quantum switch-
ing devises are feasible applications here, because, the
mean-photon number abruptly changes from zero to a
particular value which depends on the atom-cavity cou-
pling. The photon statistics shows super-Poissonian be-
haviors. Particularly, g(2)(0) → 2 and 〈n〉 → 0 when
Ω2/Ω1 = g1/g2. Here, the involved parameters or their
ratios can be determined when the cavity mean- photon
number vanishes. Additional applications may be related
to quantum networks where tools to control the involved
processes are highly required [15].
Fig. 3 shows the bare-state population of the upper
state |3〉 as well as the cavity mean-photon number
when γ32 ≪ γ21 while ω32 = ωL2 and ω21 = ωL1 with
ωL1 6= ωL2. The cavity mode resonantly couples with the
upper atomic transition |3〉 ↔ |2〉 only, i.e. g1 = 0. This
situation is described as well by the analytical formalism
developed here via setting g1 = 0 in Eqs. (9). Reasonable
population inversion is achieved. We have found that the
inversion is a signature of the coherent population trap-
ping phenomenon [16], i.e., the atom is trapped in the
dressed-state |0〉 = cos θ|3〉 − sin θ|1〉. Then with a suit-
able chose of the ratio Ω2/Ω1 one can transfer the popula-
tions among the state |3〉 ↔ 1〉. Furthermore, the cavity
field does not affect the bare-state population dynamics
FIG. 3: (color online) The steady-state evolution of the cavity
mean photon number 〈n〉 (solid line) and the upper bare-state
population 〈S33〉 (dashed curve) as a function of Ω2/Ω1. Here,
γ32/γ21 = 10
−2, g2/γ21 = 5, κ/γ21 = 10
−3.
in the adopted approximations. As a concrete atomic
system, for this particular configuration, one may con-
sider He atoms, {31S, 21P1, 11S0} [17]. The spontaneous
decay rates ratio is approximately γ32/γ21 ≈ 10−2. The
corresponding transition wavelengths are λ32 = 728.3nm
and λ21 = 58.4nm. Instead of a continuous wave laser
on the high-frequency transition one may consider a long
pulse laser wave. Potential applications here may be re-
lated to entangled photon pair emissions [18] in optical
and EUV (or even higher) frequency ranges.
IV. SUMMARY
Summarizing, we have investigated the quantum dy-
namics of a three-level atom embedded in an optical
cavity and resonantly interacting with external coher-
ent electromagnetic waves. We have found parameter
regimes where the atom completely decouples from the
interaction with the cavity field. As a consequence, the
cavity mean photon number goes to zero. Photon vanish-
ing is due to quantum interference effects involving two
possible dressed-state atomic transitions. Their indes-
tinguishability leads to destructive quantum interference
phenomena. Upper bare-state population inversion oc-
curs as well.
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